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Abstrakt

Koregistrace MR spektroskopickych (Sl), difazni@&T() a relax&nich obra#
a jejich nasledné korelace zaloZené na kvantitatiapracovani obrazu bod po
bodu maji potencidl rozliSit patologické stavy aaxeu tkd, a pomoci tak
stanovit rozsah patologie. Pouziti této metodyinigké praxi bylo vyzkouSeno
u pacient s tumorem mozku a s temporalni epilepsii (TLE).

30 pacient s no¢ diagnostikovanou |ézi, 22 paciéns I&enym tumorem
(diagnoza stanovena na zaKadistologie¢i radiologickym sledovanim), 20
pacienti s TLE a 59 zdravych dobrovoliikylo vySeteno v magnetickém poli
3T. VySetovaci protokol obsahoval T2-vazené MR obrazy, STl & T2
relaxometrii. Korelace byly analyzovany programe@RIMA umoziujici
automatickou identifikaci oblasti zdravé tkédie kontrolnich dat.

Mozkové léze: Specifické tvary korelaci metaligIl¥D a T2 relaxanichcasi
(T2) byly nalezeny pro danou lokalizaci léze i mtany typ tumoru. Tyto
korelace vznikaji v dkledku zastoupenitiznych typ tkani ve zkoumané
oblasti. Korel&ni grafy rekurentnich tumbr vykazovaly charakteristiku
stejnou jako u tumdr nel&enych, ale se z&nénymi hodnotami parameir
vlivem terapie. Metabolické hodnoty nekorelovaly® nebo T2 v pipac
radiani nekrozy.

TLE: V hipokampu v pedozadnim situ se MR parametry &nily postupr u
vSech subjekt, nicmér smernice zavislosti u paciehtstatisticky vyznam#
piekratovala hodnoty nagtené u kontrol.

Pro diferenciaci tk&h jsou vhodné korelace mezi nasledujicimi parametry:
MD, T2, cholin, kreatin, N-acetylaspartat, inosjtédktat, makromolekuly,
lipidy a jejich porngry.

Kvantitativni zpracovani tznych MR obra& umo#iuje komplexd popsat
vysoce heterogenni th& patologii a jejim okoli a dit dilezité parametry pro

tkénovou diferenciaci a stanoveni rozsahu patologie.



Abstract

Coregistration of MR spectroscopic (Sl), diffusi@dTl), relaxation images
and their subsequent correlations based on pixgb®l quantitative analysis
have the potential to distinguish between pathcklgstates and healthy tissue
and therefore can help assessing brain patholotgnexPatients with brain
tumours and temporal lobe epilepsy (TLE) were iagdl in the study to
validate the use of this method in clinical praetic

30 patients with a new diagnosed brain lesion, &®pts with a treated tumour
(diagnosis assessed by histology or by radiolodalbdw-up), 20 TLE patients
and 59 healthy subjects were examined on a 3T raysidhe measurement
protocol consisted of T2-weighted MR images, Sl,| @id T2 relaxometry.
Correlations were analysed with the CORIMA prograanmith automatic
identification of pixels in the normal tissue aatiog to control data.

Brain lesions: Specific correlation patterns betwvesetabolites, MD and T2
relaxation times (T2) were found for a given lesionalisation and tumour
type. The patterns depend on different tissue stateolved in the examined
area. Recurrent tumours exhibited the same patteynstreated ones but with
changed parameter values caused by therapy. Metaladlies did not correlate
with MD and T2 in radiation necrosis.

TLE: MR parameters gradually changed in anteropiostéirection of HC in
all subjects; however, slopes in patients signifia exceeded those in
controls.

Correlations of the following MR parameters are tahle for tissue
differentiation: MD, T2, choline, N-acetylaspartateeatine, inositol, lactate,
macromolecules, lipids and their ratios.

A quantitative analysis of different MR methods able to describe the
complexity of a highly heterogeneous tissue in laghology and its vicinity

and determine crucial parameters for tissue difféméon and lesion extension.
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1 Introduction

Magnetic resonance imaging (MRI) has become a nrajarinvasive tool
for examination of diseases of the central nervaystem. However,
conventional MRI is unable to study biochemical &mactional features of the
examined tissue. This drawback led to the developroémore sophisticated
MR methods such as proton MR spectroscopic imagikMRSI), diffusion
imaging (DWI) or MR relaxometry [1]. MR relaxometguantifies relaxation
times which are responsible for tissue contrasMiRl. 1H MRSI provides
information about the metabolic profile of the tissn vivo which is useful for
pathology differentiation in both neurology and reancology. Diffusion
measurements enable the examination of the tissieostructure and
molecular dynamics of water in the extracellulampartments. DWI is widely
used to distinguish tumours from bacterial abscesB)crease a specificity of
lymphoma detection or to diagnose an acute ischemia
A qualitative description of radiological images demmon now in clinical
practice; however, it has been revealed that coailoim of different diagnostic
and quantitative methods provides more preciserimdtion of the nature and
extent of pathology in various diseases (diffeandiagnosis of human brain
tumour and radiation necrosis, epileptic and neegederative disorders, etc.).
As metabolic, diffusion and relaxation maps repnesemplementary pieces of
information [2-7], their coregistration and subsewjucorrelations based on
pixel-by-pixel analysis have been found useful istidguishing pathological
states (tumour, oedema, oedema infiltrated by tup@medema, necrosis) and a
healthy tissue in individual patients at 1.5T. Tkmowledge of structural,
biochemical and functional information is cruciat the best therapy planning
and improvement of patient prognosis.

Human brain tumours represent a heterogeneous grbygathologies. The

most frequent brain tumours are gliomas. Sevemgibns with different cell
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density, metabolism and structure are found withim pathology resulting in
various levels of spectroscopic, diffusion and xateon parameters. In general,
tumours exhibit decreased N-acetylaspartate (NAfdatine (Cr) and elevated
choline (Cho), inositols, lactate, mean diffusivifMD) and T1 and T2
relaxation times (T1, T2 resp.).

Temporal lobe epilepsy (TLE) is surgically-remediéalirug-resistant focal
epilepsy. The most common subtype of TLE is thedsyme of mesial
temporal lobe epilepsy (MTLE) where epileptic seéauoriginate from the
mesial structures. Symptomatic TLE is aetiologicatlivided into MTLE
associated with hippocampal sclerosis (HS), lesidh& caused by different
structural lesions, and cryptogenic TLE [8]. Thdeggogenic zone in MTLE is
usually characterised by hippocampal structurahgbka resulting in increased
MD and T2, neuronal dysfunction (decreased NAA)ctive astrogliosis
(increased Cr) and dysplastic cortical lesionsréased Cho).

Although these two diseases are not related frenpthint of view of aetiology,
the only available treatment is neurochirurgicaleion of the pathology and,
consequently, complex information describing théurea and extent of the
pathology is crucial.

A prospective quantitative MR study of patientsfetifig from brain tumours
and patients with drug-resistant temporal lobeegsiy has been performed in
magnetic field 3T to validate the quantitative teicues and demonstrate their

potential use in the clinical routine.



2 Hypothesis and aims of the thesis

The aim of this thesis was to develop a methodolmgybining standard
MR imaging, MR spectroscopic imaging, diffusiongenimaging, T1 and T2
MR relaxometry for evaluating the spatial distribatof pathology in magnetic
field 3T and validate it with patients sufferingifn brain tumours and drug-
resistant temporal lobe epilepsy. Each MR parameggresents distinct
phenomena and different methods can reveal therdiftes in pathology
extent. Therefore, the combination of different MRethods and their
guantitative evaluation at once has the potentidhtrease the specificity of
diagnosing the pathology tissue state and tumoadigg. Consequently, an

exact quantitative evaluation can help improvedahtome of patients.

Several particular aspects of the use of combinatiodifferent MR methods

have been addressed:

1. Development of software enabling pixel-by-pixel @eaanalysis and
automatic creation of mutual relationships (cotietss) between
individual quantitative MR parameters.

2. The use of the correlations for tissue differemiatin patients with
different types of new diagnosed brain lesions, alestration of their
potential use in the clinical routine and its congan with
histopathological findings provided by image-guidgereotactic biopsy.

3. The use of the combination of different methodsdifferential diagnosis
between tumour recurrence and radiation necrosisradiated patients
after lesions resection and its benefit in neurotogical practice.

4. The use of correlations between individual quatiéaMR parameters to
assess hippocampal involvement in patients withg-desistant temporal

lobe epilepsy and comparison with standard clinitagnostic protocols.
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3 Materials and Methods

Fifty-two patients involved in the study of braislons were divided into two
groups. Group 1 consisted of 30 patients with a desgnosed lesion. Group 2
consisted of 22 patients with suspicion of a tummaurrence and/or radiation
necrosis. The mean age was 49.1 + 15.3 years. YWai patients (mean age
29.6 £ 12.4 years) considered for resective surfygrintractable epilepsy were
involved in the epilepsy study. Fifty-nine healtbybjects were included in
these studies as controls. The mean age was 3B3years.

A diagnosis of patients was subsequently assesgedhidtopathology or
radiological follow-up.

The patients underwent a standard clinical exangingirotocol at 1.5T. These
images were not included in the quantitative ansly@onsequently, they were
examined on a 3T scanner equipped with a transuoéive head coil. The
examination protocol included MRI, diffusion tensémaging (DTI; 20
directions, b=0,1000s/nfinresolution 2x2x2.5 mi), 2D and/or 3D MRSI
(echo time 30 and/or 135 ms, resolution 10x10x15 mmi0x10x5.6 mri), T2
relaxometry (32 echoes, resolution 0.78x0.78x5°vand/or T1 relaxometry (7
echoes, resolution 0.78x0.78x15 fAym

MRSI data were analysed using the jSIPRO prograf@hevith a graphical
LCModel-SI data interface. Data processing includeld k-space filtering and
zero filling to a 32x32 matrix size. Water signahsvused as an internal
standard for the calculation of metabolic concdiatrain laboratory units. DTI
data were processed with FSL program. Correcti@msefidy currents and
motion artefacts were used. Relaxation maps wdeeleted using the in-house
program ViDi utilising a three-parameter fit.

Correlations and regression analysis were performgidg the interactive
CORIMA programme developed as a part of the tH8si%0]. This programme

enables the automatic identification of pixelshe hormal tissue according to
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control data. The correlations were based on d-pix@ixel evaluation of two
different MR methods. The software allows the mdusetection of a region of
interest (ROI) in one map (metabolite, relaxatioor diffusion) and
automatically finds the corresponding region inthero map. The correlations
are then calculated from this selected ROI. Eadhtpno the correlation plot
corresponds to one pixel in the MR images. Adddlbn it is possible to select
a group of points in the correlation plot and hight corresponding pixels in
MR images. Several ROIs were examined in each subjessuming the
tumour properties change from tumour core towatsisniargins [4], the ROls
were selected as narrow strips oriented radialtynfrthe tumour core.
Accordingly, the ROIs include a tumour tissue asllwaes a possible
oedematous, tumour infiltrated and healthy tisdnethe case of epileptic
patients, regions of both hippocampi (HC) were eatdd separately in each
subject. The metabolic maps as well as the mapsetdibolic ratios were used.
All control data were divided into several groupgs@ding to subjects’ age and
measured regions. The minimum (MIN) and maximum @lAalues for each
parameter and each region were assessed. Thesalimteepresented control
data used later for the semiautomatic evaluatiorpatfents’ data for each
image modality. These confidence intervals werélighbted in the patients’
correlation plots by shading and bordering by bines. Every point inside this
interval was highlighted automatically in the ewlog images and was
interpreted as representing healthy tissue. Thiamegout of this confidence
interval were considered as pathologic. In the cabeepileptic patients,
significant changes in both HC were interpretethikteral pathology. A linear
fit was used for the correlation analysis. Mann-iéy U-test was used for

comparison of correlation slopes between diffepatient groups and controls.

12



4 Results

The CORIMA programme for automated coregistrationd aparameter

correlations was developed and tested on healthlyals’ and patients’ data.

4.1 Healthy controls

Significant differences of metabolite, MD, T2 and Values were found in
different parts of the brain. The parameter valespgecially metabolites, were
age depended. If the regions were examined separate significant
correlations between metabolite concentrationsMbg T2 or T1 were found
in any control subgroups except the hippocampussigoificant differences
were found between the corresponding regions imitfiet and left hemisphere.
NAA and T2 (MD) revealed negative correlationshe hippocampi. Cr/NAA,
Cho/Cr, Cho/NAA and Cho correlated positively with or MD (see Figure 1).
Cr-T2 and Cr-MD did not correlate. MD, T2, Cho, K&A, Cho/Cr, Cho/NAA
gradually decreased and NAA gradually increasedth@ anteroposterior

direction of the hippocampus.

y = 0.006x + 0.2081, R* = 0.6213 HCdx

95
T2 (ms)

Figure 1 The Cr/NAA-T2 correlation in hippocampi in a 24 yedd healthy control.
Each crossepresents an ordered pair of Cr/NAA and T2 vakmsesponding to one
pixel in the analysed area. All the values outsite control interval (blue shaded) are
visible as diamonds. T2W, T2-weighted image; Crtaltocreatine; NAA, total
N-acetylaspartate; T2, T2 relaxation time; HCdghtihippocampus.
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The control values were used for automatic separatf healthy tissue in each

patient using the CORIMA programme.

4.2 Patients with a brain tumour

Different correlation patterns between metabolitdf and T2 were found at
3T not only for different lesion localisation busa for different tumour types.
Low grade gliomas (LGG), high grade gliomas (HG&) &ymphomas (LY M)
revealed specific correlation patterns charactagistructural and metabolic
changes in each tumour type. The origin of theseepes (Figure 2, pattern A
in LGG, C in HGG and E in LYM) is based on diffetgissue states involved
in an examined area, i.e. healthy tissue (regiotisbue infiltrated by tumorous
cells (2), active tumour (3), tumour infiltrateddsena (4), oedema (5), etc. The
positive linear MD-T2 correlation was found in LGERd LYM (Fig.2, patterns
B, D), not in HGG containing a dense non-enhantisgue (pattern F). The
dense non-enhancing tissue is characterised byMBwand high T2, whereas
LGG revealed high MD and high T2 and lymphomas ® and low T2.
Differences of correlation patterns in differenteditions within one lesion were
found. It therefore provided information about tliesue state in a selected
direction and enabled detection of the growth dioecof the primary tumour.
More heterogeneous regions such as the basal gargppocampi, etc.
invoked more complicated correlations with simitzorrelation trends as in
other regions but with additional clusters in thenglard plots.

Recurrent tumours exhibited the same correlatidtepe as untreated ones but
with changed metabolic values caused by radiati@motherapy. Cho values
in recurrent tumours were lower than values in eatttd ones. Slightly
increased Cho and low NAA values were found in thgalissue in the peri-
cavity region compared to control data. Metabohtues do not correlate with

MD and T2 in the tissue with radiation changes only
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Correlations of the following MR parameters are tahle for tissue
differentiation: MD, T2, Cho, NAA, Cr, inositol, ¢éate, macromolecules and

lipids and metabolite ratios.

Cho 5 — Cho ¢ HGG | cho s LYM

(csF)

MD (T2)

F LYM

s

MD

3
T2

T2

Figure 2 Schematic correlations in LGG, HGG and LYM. Cho-Ntipeen), Cho-T2
(violet) correlations are in the first row, MD-T& the second one. Region 1 corresponds
to a healthy tissue; 2, infiltrative tumour; 3,igettumour; 4, tumour infiltrated oedema;
5, oedema; 6, tumour/ necrosis; 7, necrosis; Gl gratter; CSF, cerebrospinal fluid.

Standard voxel-based MRS evaluation was found Ideitdor differential

diagnosis (DD) between tumour recurrence and radiasis. The recurrent
tumours always exhibited high Cho and Cho/Cr (Bigcho and Cho/Cr values
were higher in HGG than in LGG. A tissue with ratorosis revealed lower
Cho and Cho/Cr values and higher Lac compared tootw recurrence.
Different Cr levels, low NAA and high Cho/NAA werbserved in both types
of lesions. The Cho/Cr ratio was found the mostfuisparameter for DD
between both lesion types. The sensitivity of MRf&ched 85 % and the

specificity 91 % compared to histopathological areiroradiological results.
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The examination protocol for MRSI-navigated biopsies been successfully

implemented into the neurooncological navigatedesys.

a) ) Wetabolte | Ratio [ ]) Metaholite 0
Cho IN-acetyl aspartate | 0525 NAA I 1.25
[NAR+NAAG 529 392

|GPC+PCh 438

Cr [Glu+Gin 0.383 3
Cr inosital 1279 Cr 0319,
In s T

L] |Scyllo Inositol [ o Inositol |

[Scyllolnositol | 0
lactate [ 0341]

MM-+Lip
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Figure 3 Short echo time spectra a) from recurrent tumolig¢dendroglioma 111) and

b) from the tissue changed by radiation. Tablesainmatios between stated metabolites
and total creatine.

Cho, GPC+PCh, choline-containing compounds; NAA+NRANAA, total N-
acetylaspartate; Cr, total creatine; Glx, Glu+Gifutamine and glutamate; Ins, myo-
inositol; Lac, lactate; MM+Lip, macromolecules dipids.

4.3 Patients with temporal lobe epilepsy
MD, T2, Cho, Cr/NAA, Cho/Cr, Cho/NAA gradually deased and NAA

gradually increased in the anteroposterior directd the hippocampus in all

subjects similarly as in controls. Correlationghe pathologic HC are listed in
Table 1. Slopes of MRS-T2 dependence were signifigehigher in patients
than in controls (p<0.05), but did not differ betmeboth patient groups. The
difference is caused by substantial metabolic caarng patients. The T2 and
MD values are within the control intervals in cask non-lesional TLE.
Histologically proven HS and gliosis exhibited ieased T2 values compared
to healthy controls; however, other lesions exkibieven more T2 increment.
The semiautomatic evaluation based on control MRSédata correctly
lateralised EZ in all unilateral cases and the pnedance in all bilateral cases.
MRS-MD data correctly lateralised EZ in all unila&tkecases, but failed in two
bilateral cases.
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Con| N-les| Les | Table 1 Correlations between selected
parameters in controls and abnormal

MD-T2 hippocampi in patients with MTLE.

Cho-T2 (MD) Con, controls; N-les HC, non-lesional

CrINAA-T2 (MD)

mean diffusivity; T2, T2 relaxation times;

Cho/NAA-T2 (MD) Cho, total choline; Cr, total creatine;

NAA-T2 (MD) NAA, total N-acetylaspartate; P, positive

HC
P
P
p | hippocampus; Les HC, lesional HC; MD,
P
P
N
P

correlation; N, negative; @, no correlation.

P

P P

P P
Cho/Cr-T2 (MD) P %)

P P

N N

9] P

Cr-T2 (MD)

1.1 1
e) y =0.0126x - 0.2991, o HCdx f)

; y = 0.0082x + 0.0335, R? = 0.7576 HeAx
R?=0.3118 R
1] v o 1]
t
0.9 0.9
2 3
z 2
© 08 S sl
0.7 4 071
0.6 : : ; ‘ 06 ; : ; ;
70 80 % 100 110 70 80 90 100 110
T2 (ms) T2 (ms)

Figure 4 The Cr/NAA-T2 correlation in hippocampi in a patievith MTLE without
HS and in a patient with HS.

a,c) T2-weighted images parallel to the long HGakid) Cr/NAA maps positioned on
T2W images with the maximal value of the Cramer-Raand of total Cr/NAA ratios
set to 15%. Red pixels inside the selected aremdm hippocampus on Cr/NAA maps
correspond to the healthy tissue according to obdtta. e,f) Each crosspresents an
ordered pair of Cr/NAA-T2 values corresponding e @ixel in the analysed area. All
the values outside the control interval (blue shjdésible as diamonds correspond to
tissue abnormalities. According to semiautomatiardiative evaluation, the anterior
portion of the right hippocampus in both patieritevged an abnormal finding whereas
the left hippocampi have normal findings (corr@at not shown). T2W, T2 weighted
image, Cr, total creatine, NAA, total N-acetylagpt®, HCdX, right hippocampus.
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5 Discussion

The combination of MR parameters often creates ticatpd correlation
patterns. Nevertheless, their analysis providegjuamiinformation about the
abnormal tissue and pathology extension. Our meigbddsed on the fact that,
although tissues in different conditions may rev@alilar values in individual
parameters, they create separated characterigtecs in the correlation plot
which consequently enable their differentiation][1®revious studies reported
the use of Cho-MD correlations for tissue differatbn in tumours [3,4];
however, we found that even a combination of these parameters was
insufficient. The set of different correlations sltbbe considered as a whole.
If pathology extent is a matter of interest, therelations represent a unique
method for tissue differentiation. However, as tsiandard voxel-based
evaluation is not so time consuming, it representaethod of choice in EZ
lateralisation in MTLE patients and in the assesgmé DD between radiation
necrosis and tumour recurrence. In irradiated pttjeCho/Cr and Lac/Cr were
found the most reliable predictors of pathologissCGx was less sensitive to
therapy than NAA. Even so, the existence of coti@ia in heterogeneous
region (such as the tumorous and irradiated ties##C) requires a comparison
of the patients’ and controls’ data in the same pérthe brain [11]. As the
studied MR parameters gradually change, standatigtgtal methods based on
a comparison of their averaged values fail in aitkt description of the tissue
due to substantial data dispersion related to plogical properties. Therefore,
the correlations may better describe the relatietwben the parameters and
physiology and provide important information rethte pathology extent.
Although quantitative data analysis seems to beramiging tool, several
technical difficulties, such as diffusion imagetditions, chemical shift artefact
or bad spectra quality may significantly influertbe mutual relations. For that
reason, this method should be used only in semizatio mode.
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6 Summary

Progress in MR techniques and in computer techyoltas revealed that a
combination of different diagnostic methods may vile more precise
information of the nature and extent of brain pliby. However, patient
outcomes after neurosurgeries have shown thattgtinadi image evaluation is
not always precise enough in the assessment oblpgthextent. Hence, a new
guantitative method combining metabolic, diffusamd relaxation images was
developed and its potential clinical use was deitnates! in patients with brain
tumours and temporal lobe epilepsy.

This study summarises the MR features (metaboldeel$, diffusion
coefficients and relaxation times) in different fgaof a healthy human brain
and in different brain pathologies. The parametdues in a healthy brain were
found region and age dependent; therefore, both aagk region matched
control data is necessary to use for automaticsassent of a healthy tissue in
the patients. Correlation patterns depend on tissumved in an examined area
and are specific for each tumour type. For thasaea quantitative image
analysis can be used for both tumour and tissukerdiitiation and this
knowledge can be used in neurosurgery and therdagning. Recurrent
tumours exhibit the same correlation patterns aseated ones. However,
automatic assessment of healthy tissue was notsprenough as parameter
values in the surrounding tissue were changed bynolradiotherapy and they
did not reach the control values. No correlatiobveen metabolic values and
MD or T2 was found in the tissue with radiation epes only. Correlations
between MD, T2 and Cho, NAA, Cr, myo-inositol, e, macromolecules,
lipids, their ratios are suitable for tumorous disdifferentiation. This study
establishes that a combination of different MR paeters may help in better

identification of the tumour type, examination diet tumour extension,
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direction of proliferation and also in better urgtanding of biochemical
processes inside the tumour.

Standard voxel-based evaluation of MRSI data wasddo be the method of
choice in differential diagnosis between tumourureence and radiation
necrosis. The MRS diagnosis was in agreement WwitHihal diagnosis in 88 %
of irradiated cases. MRSI-navigated biopsies entulgeting the regions with
the most significant metabolic changes and theeefoelp to assess the
diagnosis more precisely in the case of multipleaoge lesions.

Mutual relations between studied parameters inddpmpus in patients with
TLE revealed gradual changes in individual paramseite the anteroposterior
direction of the hippocampus providing additionaformation about spatial
distribution of these parameters across the hipppoa. Correlation patterns
significantly differed between controls and patieniThe slope provides
information about the significance of metabolic siructural changes. The
correlations with relaxation times were found mprecise for assessment of
hippocampal involvement than correlation with MDjngipally because of
distortions in diffusion images. Correlations betweT2 and Cho/NAA,
Cr/NAA, Cr/Cho, Cho, NAA are suitable for correatdralisation.

This study confirmed the value of combining difier@euroimaging methods
in surgical planning in cases with inconsistenedalisation; however, single
voxel spectroscopy over the larger volume of thppbtampus may be
sufficient for basic EZ lateralisation.

Although the technique can be used only in the aatomatic mode due to an
unavoidable chemical shift artefact in MRSI and gealistortions in DTI, we
proved that the combination of different MR paraengtis able to describe the
complexity of a highly heterogeneous tissue inaasipathologies and in their

vicinity.
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